An activity gel assay was developed for the detection of DNA helicases in crude extracts. The assay was based on the ability of DNA helicases to unwind radioactive fragments from single-stranded M13 circles that were immobilized in an SDS polyacrylamide gel. The displaced radioactive strands were detected by blotting them to a filter and visualizing the resulting bands by autoradiography. Experiments with purified proteins demonstrated that DNA helicases, endonucleases and exonucleases could produce activity bands. A one-dimensional gel assay was sufficiently sensitive to allow detection of DNA helicase I, DNA helicase II, DNA helicase IV, the RecQ helicase as well as 3 unidentified putative DNA helicases in crude extracts of Escherichia coli. Exonuclease and endonuclease activities from crude extracts could be distinguished from DNA helicase activities by their ATP-independence and from each other by their band morphologies.
INTRODUCTION
DNA helicases are enzymes that unwind double-stranded DNA in an ATP-dependent reaction. It is a common strategy to discover DNA helicases by screening crude extracts for DNA helicaseassociated activities. Typically, DNA-dependent ATPase activities are identified in the early stages of the screen. A second screening of the partially purified ATPases reveals activities that unwind a short double-stranded segment of an M13 substrate (1, 2) . Although this approach has been successful, it potentially is limited by the presence of interfering activities in crude extracts that obscure the helicase-associated activities. Numerous ATPases that are unrelated to DNA unwinding can mask the ATPase activities associated with DNA helicases. Nucleases in unfractionated extracts prevent a direct assay for helicasemediated DNA unwinding because they degrade the DNA substrate and product. Consequently, it is essential to remove these interfering activities by a preliminary fractionation step before assaying for DNA helicases. This approach might not allow access to all the DNA helicases in a crude extract because one or more helicase activities might fractionate with the inhibitors. This possibility is difficult to evaluate unless there is an assay that allows detection of helicases in the presence of helicase inhibitors.
A DNA helicase activity gel assay was developed that allows the visualization of DNA unwinding activities and nuclease activities without the need for a preliminary fractionation of a crude extract. In most cases particular DNA helicases and potential DNA helicase inhibitors are separated in the gel based on their size differences. The activity gel assay is limited to detecting monomeric enzymes, that can be fractionated in a denatured state and renatured. The assay could also be used to analyze multimeric enzymes that are made up of subunits of the same size that can renature and reassemble. In spite of this limitation, we were able to use this assay to identify a wide variety of DNA metabolic enzymes from unfractionated crude extracts of E. coli.
MATERIALS AND METHODS

Strains and plasmids
The bacterial strains and plasmids in this study are listed in Table  1 . Cells were grown in TYP broth [1.6% (w/v) tryptone, 1.6% (w/v) yeast extract, 0.5% (w/v) NaCl, 0.25% (w/v) K 2 HPO 4 ] supplemented with 0.2% (w/v) glucose. Inclusion of phosphate in the growth medium prevented the appearance of phosphatase activities that otherwise would deplete ATP during the in situ helicase reactions.
Preparation of the activity gel substrate
The substrate was prepared using the Sequenase Kit (version 2.0) from United States Biochemical. Partially duplex M13mpl8 chromosomes were prepared by DNA synthesis. A 25 fi\ hybridization mixture consisted of 2.4 fig of M13mpl8 DNA, 3 pmol of a 17 nucleotide sequencing primer (5'-GTTTTCCC-AGTCACGAC-3') and 5 /d of 5 X sequenase reaction buffer (200 mM Tris-HCl pH 7.5, 100 mM MgCl 2 and 250 mM NaCl). The mixture was heated to 65 °C for 2 min and cooled to room temperature (RT) over a period of 30 min. The annealed primer was labeled in the presence of phage T7 polymerase for 30 sec at RT by adding 10 /tl of labeling mix (1.5 fiM each of dCTP, dGTP, and dTTP) and 15 pMol of [a-
32 P]-dATP (3 jtCi/pMol). The labeled primers were extended with the addition of 4 dNTPs (each to a final concentration of 35 yM) and the 4 ddNTPs (prewarmed to 37°C) to a final concentration of 3.33 fiM for each chain terminator. The termination mixture was incubated at room temperature for 75 sec. The termination reaction was stopped by adding 70 fi\ of stop solution (95% formamide and 20 mM EDTA) and transferring the reaction mix to an ice bath. The substrate was centrifuged through a 0.8 ml Sephadex G50 column (Quick Spin column, Boehringer Manheim) to remove unincorporated nucleotides.
Helicase activity gels SDS-polyacrylamide activity gels were prepared as described by Laerrimli (5) except that partially double-stranded M13 circular DNAs were included with the acrylamide and bis-acrylamide solutions prior to their polymerization to form the gel. A 30 ml (1 mm thick) 7 % (w/v) polyacrylamide gel contained 5 fig of partially duplex M13mpl8 DNA, 1.5 mg fibrinogen (6) and 0.1 % (w/v) SDS (US Biochemical, ultra pure SDS lot 66600). Ultra pure quality SDS is essential to avoid hydrophobic inhibitors that block complete protein renaturation. Fibrinogen was included in the gels to enhance renaturation presumably by binding to residual inhibitors (6) . A 1 cm stacking gel (4% polyacrylamide) lacking DNA was cast above the separating gel. The gels were run at 50 mA for 1 hr before loading the samples to remove any untrapped radioactive DNAs. This step reduced the background of exposure in the final autoradiographs.
Cell extracts (50 ng of protein) were incubated at 37°C for 4 min with 5 /d of loading buffer [0.01 % (w/v) bromophenol blue, 4% (w/v) ultra pure SDS, 2% (v/v) 2-mercaptoethanol, 36% (v/v) glycerol] immediately before loading the samples. The samples were fractionated at 50 V until the dye ran out of the gel. During the electrophoresis the gels were immersed in running buffer that was cooled to about 20°C by circulating cold tap water through a plastic heat exchanger.
Renaturation of proteins in activity gels and in situ reaction conditions
Following electrophoresis, SDS was removed from the gels in a series of 20 min, 250 ml washes at 37°C. All wash buffers were prewarmed to 37°C. The gels were first washed in 50 mM Tris-acetate, pH 7.5, 0.6 mM DTT. The second wash was in 50 mM Tris • acetate, pH 7.5, 0.6 mM DTT, 20% (v/v) isopropanol. The third and fourth washes were in 50 mM Tris-acetate, pH 7.5, 0.6 mM DTT, 1% (w/v) casein (6, 7) . The fifth wash was in 50 mM Tris-acetate, pH 7.5, 0.6 mM DTT. Finally, the gels were incubated for 8 h at 4°C in 500 ml of 50 mM Tris-acetate, pH 7.5, 0.6 mM DTT, 20 mM NaCl, 0.02 mM EGTA and 10% (v/v) glycerol. Exhaustive removal of SDS and hydrophobic inhibitors was the most important factor in the recovery of DNA helicase activities. Nuclease activities were less sensitive to residual inhibitors from the SDS component than were helicase activities.
In situ reactions were carried out at 37°C for 7-10 hr in 250 ml of DNA helicase reaction buffer [50 mM Tris-acetate, pH 7.5, 4 mM MgCl 2 , 20 mM NaCl, 0. 
Visualization of blotted products
Radioactive DNAs that were freed from the M13 template were electroblotted to a Zeta Probe ZT nylon membrane (BioRad) at 8 V for 15 hr at 4°C in 0.5 xTAE buffer (TAE is 40 mM Tris acetate, pH 8.0, 2 mM EDTA). The membrane was dried at 60°C in a vacuum oven and autoradiographed with Kodak 
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XAR-2 film and a Cronex Lightning-Plus intensifying screen (Dupont). Typically exposures were from 3-16 hr at -70°C.
RESULTS AND DISCUSSION
Design of the helicase activity gel
The DNA helicase activity gel system is analogous to a widespread assay for the detection of purified DNA helicase activities depicted in Fig. 1A (1, 2). In this assay (referred to here as the standard assay), enzymatic displacement of a radioactive fragment from a nonradioactive single-stranded M13 DNA is detected by measuring an increase in the electrophoretic mobility of the displaced DNA versus the radioactive substrate. This assay works well with purified helicases but it cannot be applied to unfractionated crude extracts because nucleases degrade the substrate and products. The activity gel assay is designed to avoid this problem by electrophoretically fractionating the proteins of a crude extract in an SDS-polyacrylamide gel ( proteins. Next, the polyacrylamide gel is incubated in a reaction buffer allowing DNA metabolic activities in the samples to convert the DNA substrate into a form that subsequently can be blotted from the gel to a nylon filter. The last step is analogous to the electrophoretic sizing step in the standard helicase assay in Fig. 1A . The resulting activity bands can be detected by subjecting the filter to autoradiography. In the standard helicase assay in Fig. 1A , the double-stranded segments of the substrate molecules are of a uniform length. This restriction allows the products of DNA helicases (which produce fragments of predicted mobility) to be distinguished from nucleases (which either completely degrade the substrate or produce products that differ from the predicted size). The activity gel assay relies on the ability of the product to blot from the gel and not on the measurement of product size. Therefore, DNA helicase substrates were produced with a broad range of doublestranded lengths rather than arbitrarily picking a particular substrate size (Fig. 1C, ref. 8) .
Although the activity gel assay was designed to allow detection of DNA helicases, the assay allowed the simultaneous detection of endonuclease and exonuclease activities. Crude extracts of E. coli were examined to test the sensitivity of the helicase activity •- Figure 1 . The helicase activity gel assay. Pan A depicts the standard assay that is commonly used to measure purified DNA helicase activities. A partially doublestranded Ml3 substrate is incubated with the enzyme. The displacement of the radioactive fragment from the M13 circles is measured by electrophoresis of the reaction mixture followed by autoradiography of the gel. The helicase substrate appears as a band of low mobility while the displaced radioactive product has a high mobility. Part B shows the rationale for the helicase activity gel assay. A radioactive, partially double-stranded M13 substrate is immobilized in an SDS polyacrylamide gel. Following fractionation of the protein samples by electrophoresis, the SDS is removed and the proteins are allowed to renature. The gel is incubated in a helicase reaction buffer allowing the DNA helicase activities to displace the short radioactive fragments from the circles. The displaced radioactive products are detected by autoradiography after they are blotted to a nylon filter (the shaded segment of the filter). The shaded portion of the gel shows the retained circular products associated with the helicase band. Part C is a nucleotide sequencing gel showing the length distribution of double-stranded segments of a typical activity gel substrate. The scale below the gel is in nucleotides. gel because this organism has been well characterized for most classes of DNA metabolic enzymes.
Detection of DNA helicases DNA helicases were expected to generate ATP-dependent activity bands in the activity gel assay based on their ability to displace single-stranded radioactive fragments from immobilized circles. This prediction was confirmed in a pilot experiment for enzyme concentrations in activity bands as low as 10 ng//d of purified E.coli DNA helicase II and 1.6 ng//tl of purified Rep protein (data not shown). The ability to detect these enzyme concentrations places the sensitivity of the gel assay at a level that is comparable to that of the standard helicase assay which reportedly can allow detection of helicase II concentrations in the range of 0.5 ng//il-42 ng/^1 (9) and Rep concentrations as low as 2.5 ng//tl (10) . Taking into account the number of helicase II and Rep molecules per cell and the sensitivity of the activity gel assay, it should be feasible to detect these enzymes simultaneously from a sample of crude extract equal to as few as 2 X 10 8 cells or about 50 ng of total protein. This prediction was confirmed for helicase II in Fig. 2 .
The activity gel assay could be used to detect DNA helicases in crude extracts. Seven probable DNA helicases were detected based solely on the ATP-dependence of their activity bands (bands a, b, c, d, e, f, and h in Fig. 2) . Four of these activities were identified based on the effects of mutations. DNA helicase II was the determinant of band a based on a comparison of extracts from wild-type strain AB1157 (lane 1) and the otherwise isogenic uvrD deletion/insertion mutant AB1157AH2 in lane 2. The mutant strain is devoid of helicase II activity because it contains only 30 nucleotides from the carboxyl-coding end of the uvrD gene (11) . This defect is reflected in the activity gel assay by the loss of activity band a (Fig. 2, lanes 1 and 2) . With the loss of helicase n, the broad band below band a was resolved into two activities labeled b and c (lane 1 verses lane 2). Therefore, it is likely that the broad activity band is a composite of bands b, c and one or more activities derived from helicase II. Elimination of helicase II activity also revealed a faint residual activity (band d in lanes 2 and 4) that was easily detected with extended autoradiographic exposure (see lane 5 which is an overexposed version of lane 4). This band represented an ATP-dependent activity indicating that it also could be a DNA helicase. Band d was not due to residual helicase II activity because it was consistently observed in extracts of the 6 uvrD deletion mutants that we examined ( Fig.  2 and unpublished data) .
DNA helicase IV was identified as band b. Loss of this band was not obvious in the helD deletion mutant AB1157AH4, because of the apparent overlap of DNA helicase II and band c (Fig. 2, lane 1 verses lane 3) . Band b clearly was absent in the helicase II /helicase IV-deficient double mutant AB1157AH2AH4 (Fig. 2, lane 2 verses lane 4) . The detection of helicase IV activity shows that the gel-assay is sensitive enough to detect even low abundance helicases (10 helicase IV molecules/cell).
Band c is an unidentified putative helicase activity based on its ATP-dependence. Among the known DNA helicases, band c could represent Rep protein. Purified Rep helicase activity comigrates with activity band c (data not shown). However, this inference has not been tested by examining the effect of a rep null mutation.
The activity at band e was due to the RecQ DNA helicase based on a comparison of extracts from JM103 and the nearly isogenic strain KD2257, which differs by having a recQ: :TnJ mutation (Fig. 2, lanes 6 and 7) . The transposon insertion in recQ greatly reduced the intensity of band e. An extract from JM103, which contained a recQ recombinant plasmid, showed an overproduction of an ATP-dependent activity at the position of band e further implicating the RecQ helicase as the determinant of this activity (data not shown).
Three strains that each contained a different tral allele for DNA helicase I were compared in Fig. 2, lanes 8-13 . Lanes 8, 9 and 10 represent a portion of a 13% polyacrylamide activity gel that was incubated in helicase reaction buffer containing ATP; lanes 11, 12 and 13 represent a duplicate portion of the gel that was incubated in reaction buffer lacking ATP. Band f Q&ne 9) represents DNA helicase I (192 kDa) from N1298 containing an F' encoding a wild-type tral allele. Band g corresponds to the active truncated version of helicase I (160 kDa) from strain 1100 [pPM55] (12, 13) . pPM55 encodes a tral deletion/gene fusion that removes about 40% of the N-terminal helicase I sequence. Helicase I activity (band f) was confirmed by its absence in the sample from strain 1100 [pPM32O], which contained a cloned tral: :Tn5 allele that did not produce an active helicase I (lane 10). The bands at f and g were not stringently dependent on ATP as would be expected if their determinants possessed solely DNA helicase activities (Fig. 2, lanes 11 and  12) . These bands might result from other ATP-independent activities that are associated with helicase I. Helicase I molecules bind cooperatively to single-stranded DNA without ATP in a manner similar to single-stranded DNA-binding proteins (14, 15) . This reaction is a plausible basis for the production of an activity band, because unwinding activities associated with purified singlestranded DNA binding proteins can be detected with the use of the activity gel assay (data not shown). The truncated helicase I probably does not bind cooperatively to single-stranded DNA based on studies of a similar deletion derivative (14, 15) . However, the high concentration of truncated helicase I in the activity band and the excluded volume effect caused by the gel matrix might compensate for the lack of cooperativity. Helicase I is reported to have onT-sequence-specific and strand-specific nuclease activity (16, 17) . Even though the substrate used in the activity gel assay does not have oriT, it is possible that the high concentrations of helicase I in the activity band could promote DNA cleavage via nonspecific binding to double-stranded segments of the substrate. Regardless of the explanation for the residual ATP-independent helicase I activities, the intensities of the truncated and full-length helicase activity bands in lanes 8 and 9 are 2.3 and 2.8 fold higher respectively than the corresponding ATP-independent activities (lanes 11 and 12). These intensity differences apparently are due to the DNA helicase activity of helicase I. Fig. 2 lanes 8, 9 and 10 had approximately the mobility expected for the DnaB helicase. However, a strain with a dnaB(Ts) mutation did not produce a temperature sensitive activity band (data not shown). Although the DnaB(Ts) strain could produce a thermostable DnaB(Ts) product, this possibility could not account for band h because an extract from a DnaB overproducing strain did not exhibit an increased level of activity band h when compared to an extract from an otherwise isogenic wild-type strain (data not shown). This result is not surprising because in vivo, DnaB is usually transferred to DNA with the aid of other primosomal proteins. DnaB helicase activity also requires an in vitro substrate with a single-stranded tail (18) . Therefore, it is likely that the determinant of band h represents a previously undiscovered activity that presumably is a DNA helicase.
ATP-dependent band h in
Most of the DNA helicase activities detected in 7% and 8% (w/v) polyacrylamide activity gels (Fig. 2, lanes 1-7) were absent or greatly attenuated in 13% (w/v) polyacrylamide gels (lanes 8 -10) . The only exceptions were the activities associated with helicase I, helicase II and band h. The activity band labeled hel II in the 13% (w/v) polyacrylamide gel (lanes 8, 9 and 10) is due solely to DNA helicase II. This inference is based on the appearance of multiple bands after short autoradiographic exposures and their complete elimination in extracts from uvrD deletion mutants (data not shown). The inhibitory effect of a high polyacrylamide concentration on enzyme activity could result from the relatively small average pore size of a 13% gel. At least some of the sensitive helicases might require a relatively large unobstructed space to assemble into multimeric structures or to translocate on the substrate as complexes. Alternative mechanisms for inhibition might arise from the excluded volume effect of the gel. It is conceivable that under some conditions proteins might be inhibited when they are at high concentrations. For example, a population of denatured molecules at an extremely high concentration might aggregate rather than renature following the removal of the SDS from the high percentage gel. On the basis of these observations it is advisable to use gels with low polyacrylamide concentrations especially when screening extracts for new activities. Activity gels with polyacrylamide concentrations as low as 5 % (w/v) retained substrate as effectively as the 13% polyacrylamide gels and had the advantage of greater sensitivity.
Detection of endonucleases
Endonucleases can generate a signal in the activity gel assay if they cleave the radioactive circles allowing them to be blotted to the filter. The generation of a radioactive activity band would depend on a partial reaction that does not degrade the substrate so extensively that there is no product to blot. We examined purified pancreatic DNase at low and high sample sizes as shown in Fig. 3 , lanes 1 and 2. At a relatively low enzyme amount (250 ng) a solid radioactive band was produced, while a large sample (1 mg) yielded a ring-shaped radioactive band (band a in lanes 1 and 2). The interior of the band in lane 2 presumably represented complete degradation of the substrate in the portion of the activity band that had the highest amount of enzyme. The radioactive ring around the interior of the band was due to partial degradation in regions with lower enzyme amounts. The ringlike band morphology associated with pancreatic DNase was reminiscent of a set of similar activity bands that we detected in E.coli extracts (Fig. 3, lane 3) . These bands had about the electrophoretic mobility expected for endonuclease I. The identity of these bands was established by comparing the wild type strain 1000 to the otherwise isogenic endA mutant 1100 with the use of the activity gel assay (19) . Figure 3 , lane 3 shows 2 ring-shaped activity bands at b from the 1000 extract. Both activities were missing in the sample from 1100 in lane 4. Although the reason for the appearance of 2 endonuclease I bands is not known, it is possible that one activity is a processed form of the other.
Detection of exonucleases
Exonucleases are not expected to produce a product that can be blotted to a membrane. However, these activities were detected as bands with intensities below the background level of radioactivity on the filter. Pilot experiments with purified phage T7 exonuclease 6 and exonuclease HI produced bands with autoradiographic intensities that were less than background (data not shown). A prominent exonuclease activity band in crude extracts (Fig. 4, lane 1) was due to exonuclease HI based on the elimination of the activity band in an otherwise isogenic xthA mutant (Fig. 4, lane 2) .
CONCLUSIONS
Appropriate uses for the activity gel assay Although, the activity gel assay takes longer to perform than the standard DNA helicase assay, the gel system is the best method for discovering helicases and for screening mutants to correlate helicases with known genes. The use of the standard assay for these applications requires a significant investment of time in prior fractionation of crude extracts in order to remove helicasecompetitors. Therefore, the apparent disadvantage in the timecourse of the gel assay is more than compensated for by its direct applicability to unfractionated extracts. With the use of the activity gel assay, it was possible to identify conclusively 4 of the 10 DNA helicases of E. coli simply by comparing unfractionated extracts from mutants to extracts from their wild-type parents. The ability of the gel assay to detect helicase activities was not limited by low molar abundance of these enzymes in crude extracts. For example, DNA helicase IV is present at a only 10 copies/cell yet it produced an intense activity band when a 50 /tg sample of crude extract was examined.
In most cases, the inability to detect particular DNA helicases was expected based on the characteristics of these enzymes in the standard helicase assay. The DnaB and the PriA DNA helicases could not be detected in the activity gel assay in part because they required a particular structure or sequence that was not in the activity gel DNA substrate. The DnaB helicase activity requires substrates with single-stranded DNA branches in the standard assay (18) . Maximal PriA helicase activity requires a primosomal assembly sequence in the substrate. The absence of this sequence in M13 DNA makes it a poor substrate for PriA (8) . These limitations in the sensitivity of the activity gel assay can be overcome easily by substituting the appropriate substrates. DNA helicase in was not detected in one-dimensional gels probably because it migrated to a region of the gel that was heavily populated with nuclease activities. A 2-dimensional activity gel could eliminate this problem. The gel assay will not detect multimeric helicases in which activity is dependent on the assembly of different sized subunits. In this case, the subunits are expected to be separated during the electrophoresis of the samples in the SDS gel. This is not necessarily a problem with multi-subunit helicases in which helicase activity is associated with only one subunit of the complex as with RecB protein, DnaB, and PriA (8, 18, 20) .
DNA unwinding presumably requires translocation of the helicases on the substrate. This step might be restricted for large proteins by the confines of the gel matrix. If large size is a limitation for the detection of an enzyme, it apparently is not a factor for enzymes up to the molecular weight of DNA helicase I (192 kDa) in a 13% polyacrylamide gel. However, the gel matrix might impose protein size limits for the detection of helicases that must form large multimers. For example, RecB protein has a monomer mass of 134 kDa. In the absence of RecC and RecD proteins, purified RecB forms a tetrameric DNA helicase of 536 kDa (20) . Restrictions in the pore size of the gel might prevent the assembly of such a large multimer or could limit its diffusion to the substrate.
Discovery of new DNA helicases Activity band h in Fig. 2 might be a newly discovered DNA helicase given its ATP-dependence, mobility, and lack of correlation with the dnaB gene. However, it cannot be designated conclusively as a DNA helicase because it is possible that other ATP-dependent activities might exist that could generate an activity band by another mechanism. Therefore, the activity gel assay is best used as a complement to, and not a replacement for, the standard helicase assay. The activity gel system can be used most appropriately to discover DNA metabolic activities and as an assay to monitor the early steps of their purification. The standard helicase assay could then be used to complete the purification and to test the purified protein for helicase activity (1, 2) . We plan to use this strategy to characterize the protein responsible for activity band h.
